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196 13. SUMMARY

Part I: Current status of lung cancer screening in Europe

Although lung cancer screening is currently recommended in the United States, in Europe
it is - until now - not daily practice. In Europe, different lung cancer screening trials have
been performed, or are still ongoing. Results of these trials, including the interim results
of the NELSON trial, are discussed in Chapter 2. Currently, none of the already finished
European lung cancer screening trials showed a decrease in lung cancer specific mortality.
However, the mortality results of the largest lung cancer screening trial, the NELSON
trial, are still awaited and are expected in 2016 / 2017. In 2009 the interim results of the
NELSON trial were published, evaluating the first two screening rounds of this trial. The
rate of positive screen results was considerably lower than that of the US NLST (2.6%
at baseline and 1.8% at first repeat round versus 27.3% at baseline and 27.9% at first
repeat round, respectively), with a comparable negative predictive value (99.7% to 99.9%
versus 99.9%, respectively). This suggests that the relatively stringent volume-based
and VDT-based nodule management protocol of the NELSON study, which has also been
adopted in the ongoing German Lung Cancer Screening Intervention Study (LUSI), United
Kingdom Lung Cancer Screening trial (UKLS), and finished Danish Lung Cancer Screening
Trial (DLCST), is more efficient with less co-morbidity and lower costs. However, before
positive recommendations on lung cancer screening in Europe can be given, differences
between volume-based and diameter-based nodule management protocol in terms of early
lung cancer detection, morbidity, mortality, radiation exposure, and costs remain to be
demonstrated, and end results of the European randomized lung cancer CT screening
trials need to be awaited.

In Chapter 3, a 10-step volume-based approach to evaluate CT exams of screening
participants is proposed (Table 3.3), focusing not only on how to deal with detected
lung nodules, but also consider non-nodular, possibly lethal, findings. In about 14%
of participants in the NELSON trial non-nodular diseases like aortic aneurysm or liver
lesions were detected (Table 3.2). Furthermore, coronary calcification and emphysema are
common secondary findings in CT lung cancer screening, since the two major risk factors
of developing lung cancer, aging and smoking, do also contribute to the development of
the aforementioned diseases.

Part II: Quantitative evaluation of CT lung cancer screen-
ing

As stated above, a screening strategy should be highly sensitive for the disease, with a
false-positive rate as low as reasonably possible. Although the false-positive rates published
for the first two screening rounds of the NELSON trial were already far lower than those
published in other, diameter-based, screening trials, the majority of nodules leading to
referral to the pulmonologist (60%) still turned out to be benign. We hypothesized
that by optimizing the VDT cutoff for fast-growing nodules (with VDT below 400 days
according to protocol), the rate of false-positive referrals could be further reduced. In
Chapter 4 we found that all malignant fast-growing lung nodules in NELSON referred
after the 3-month follow-up CT in the baseline lung cancer screening round had VDT of
232 days or less. From this finding, lowering of the VDT cutoff could reduce false-positive



referrals even further without affecting the lung cancer detection rate. This finding could
not be extrapolated to the regular second-round screen, one year after baseline, owing to
the larger variation in VDTs of malignant nodules detected in this incidence round.

Optimization of volume cutoffs based on the cancer probability of nodules with dif-
ferent volumes, and its performance compared to a diameter-based lung cancer screening
guideline was studied in Chapter 5. It was found that at baseline, lung cancer probability
was low in participants with a nodule volume of 100 mm3 or smaller (0.6% [95% CI 0.4-
0.8]), and not significantly different from participants without nodules (0.4% [0.3-0.6],
P=0.17). Lung cancer probability was intermediate (requiring follow-up CT) if nodules
had a volume of 100-300 mm3 (2.4% [95% CI 1.7-3.5]). Participants with a nodule of
300 mm3 or more had a significantly greater probability of having lung cancer compared
to participants with no nodules (16.9% [95% CI 14.1-20.0]; P<0.0001) and so can be
regarded as being at high risk of developing lung cancer. Based on these results, new
volume cutoffs for screen-detected nodules were proposed.

In the current guideline of the American College of Chest Physicians (ACCP) on
the management of screen-detected nodules, nodules <4 mm diameter are classified as
not suspicious for lung cancer; nodules of 4 to 8 mm as indeterminate (for which growth
assessment is required at short-term follow-up CT: diameter-based VDT <400 days results
in classified as suspicious for lung cancer); and nodules ≥8 mm as suspicious for lung
cancer. We showed that although this guideline performed well in terms of sensitivity
and specificity, improvements were possible; increasing nodule size diameter threshold
from 4 mm to 5 mm for indeterminate nodules and from 8 mm to 10 mm for positive
nodules, and nodule volume doubling- time threshold from 400 days to 600 days were
estimated to yield a higher sensitivity and a higher specificity. For the analyses, volume-
based diameters were used, which in all probability yielded higher accuracy and thereby
led to better screen characteristics than manually measured diameters would have done.
When a volume-based protocol was used (cutoffs 100 mm3 and 300 mm3, VDT threshold
of 600 days), comparable sensitivity as the current ACCP guideline was obtained, but
specificity was substantially higher. Results of this study imply that use of a volume-
based nodule management protocol can improve early lung cancer detection and reduce
unnecessary follow-up CT examinations and invasive diagnostic procedures.

In the optimization of lung nodule management in CT lung cancer screening, accurate
nodule size estimation is of great importance. In most lung cancer screening guidelines,
nodule size is defined as mean diameter (average of length and width) on axial CT images,
assuming that a nodule can be fairly represented by a sphere (or perhaps ellipsoid). Since
Nature usually does not create perfect geometrically shaped pulmonary nodules, errors in
the estimation of nodule size may result. Other trials determined nodule volume using
software for semi-automated measurements. This software enables an accurate estimation
of nodule size via contour finding of the lesions, after three-dimensional reconstruction, and
was found to have a higher precision and a smaller measurement bias, and higher reliability
(better agreement among tests) than manual diameter measurements. In Chapter 6,
agreement of diameter and volume measurements for the estimation of nodule size was
analyzed. We used data on 2,240 solid indeterminate nodules detected at the baseline CT
in 1,498 participants of the NELSON trial. This study demonstrated a wide range in nodule
diameter within different nodule volume categories (50-100 mm3, 100-200 mm3, 200-
300 mm3, 300-400 mm3, and 400-500 mm3); up to 11.0 mm for maximal axial diameter
in nodules with volume of 50 - 100 mm3. Minimum and maximum ‘diameters’ within a
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single nodule (defined as intra-nodule diameter variation) varied by a median of 2.8 mm.
Furthermore, we showed that the use of semi-automatically derived mean or maximum
axial diameter to assess nodule volume led to a substantial mean overestimation of nodule
volume of 47.2% and 85.1%, respectively, compared to the use of semi-automated volume.
Nodule size is poorly represented by nodule diameter; a nodule has an infinite number of
‘diameters’, but only one volume. Therefore, we recommend to use semi-automatically
derived volume and volume-doubling time in the management of solid pulmonary nodules.

New solid nodules are a common finding in LDCT lung cancer screening and carry a
substantially higher risk of malignancy than baseline nodules. More detailed evaluation
of nodules newly detected after baseline (defined as incidence nodules) was performed in
Chapter 7. In the three incidence rounds of the NELSON study, 1,222 new solid nodules
in 787 participants were registered. Eventually, a new solid nodule was proven to be lung
cancer in 6.2% of participants with new solid nodules. The majority of these cancers were
adenocarcinoma (38.0%), squamous cell carcinoma (22.0%) and small cell lung cancer
(10.0%), and the majority was diagnosed at stage I (68.0%). At first detection, median
volume of malignant (296 mm3, IQR: 73 - 721 mm3) and benign (39 mm3, IQR: 21 -
103 mm3) new solid nodules differed significantly (P<0.001).

Overall, a cancer rate of 2.6% was found in the first three screening rounds of the
NELSON study (200/7,582, including the 50 new nodule cancer cases). Thus, new solid
nodules carry a substantially higher risk of malignancy than nodules present since baseline.
More stringent guidelines of management of nodules newly detected after baseline ought
to be considered in future screening guidelines. New solid nodules should be followed
more aggressively than nodules detected at baseline screening; using a lower volume cut-
off (30 mm3) for intermediate-sized nodules and shorter follow-up interval between two
subsequent screening examinations for small-sized nodules is recommended.

Data on lung cancer growth patterns are scarce, since lung cancers are usually diag-
nosed in a late stage, in which immediate treatment is necessitated. Lung cancer screening
programs, in which nodules are followed by several computed tomography exams, provide
a unique opportunity to study lung cancer growth. In Chapter 8, we evaluate and quan-
tify growth patterns of 47 solid lung cancers detected in the NELSON trial on at least
three screening examinations before lung cancer diagnosis was made. The fit of the ex-
ponential function was excellent, with median R2 of 0.98 (IQR: 0.94-0.99). Therefore, it
was concluded that lung cancers volume usually evolves as an exponential growth pattern.
This study was the first to quantify exponential growth pattern in lung cancers, and it
showed that lung cancer growth rate can be monitored by the volume-doubling time.

Part III: Qualitative analysis of CT imaging in lung cancer
screening

In practice, the NELSON study allowed radiologists to manually adjust the screen result at
their discretion, e.g. in case of inappropriate segmentation, or high suspicion of malignancy
or benignity without corresponding screen result according to the protocol. Not only
sensitive lung nodule detection, but also accurate nodule classification are two important
issues in optimizing screening efficiency. The impact of radiologists’ expertise on test
result decisions and accuracy made in the NELSON trial, in particular the impact on



lowering false-positive screen results, was studied in Chapter 9. It was found that at
baseline, in 195 of the 3318 participants (5.9%) in which the test result was based on a
solid or partial-solid nodule, the radiologists manually adjusted the test result that should
have been made according to the volume-based NELSON protocol. Of these adjustments,
95.4% (186/195) were downwards from a positive to an indeterminate or negative test
result or from an indeterminate to a negative test result. None of these adjustments
concerned a malignant nodule. This resulted in lowering of follow-up CT procedures
(n = 119) or direct referrals to the pulmonologist (n = 67), and a false-positive reduction
of 22%. Of the nine upwards adjusted test results, two comprised lung cancer. Therefore
it was concluded that radiologists’ expertise can improve nodule classification in addition
to a nodule protocol.

Most indeterminate nodules are benign and may represent granulomatous or infectious
lesions or enlarged lymph nodes, which often naturally disappear. When specific features
can be identified of nodules that will subsequently disappear, unnecessary repeat CT
scans and work-up, public health costs, and patient anxiety can be avoided. In Chapter
10 and 11, nodule resolution in the NELSON study was described. At baseline, 805
of 7557 participants (10.7%) had at least one intermediate-sized solid pulmonary nodule
(total 964 nodules) at baseline. Total disappearance was observed in 97 nodules (10.1%).
Although it was found that the majority of solid indeterminate nodules found at baseline
lung cancer screening do not resolve, three-quarters of the nodules that do resolve can
be identified at three-months follow-up examination. Unfortunately, it was found that
resolving pulmonary nodules share CT features with malignant nodules (more likely non-
smooth edge). Therefore, nodule characteristics cannot sufficiently allow intermediate-
sized nodules that will subsequently disappear to be distinguished from those that will
not.

In Chapter 12, the main results of the studies described in this thesis are discussed,
the implications of these findings, both for lung cancer screening programs as well as
for routine clinical care are outlined, and suggestions for future research are provided.
From the studies of this thesis it can be concluded that lung nodule management in CT
lung cancer screening can be improved in different ways; by using volume measurements
instead of diameter measurements to determine nodule size, by using VDT to detect
nodule growth, by optimization of current volume and VDT cutoffs to distinguish between
negative, indeterminate, and positive screen results, by development of separate, more
stringent guidelines for incident nodules, and by reading of screening examinations by
experienced readers, and allow them to adjust the screen result in certain cases.

Whether or not CT lung cancer screening must be implemented in Europe should
depend on the upcoming mortality results of the NELSON study and the other ongoing
European lung cancer screening trials.




